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DESCRIPTION OF RESEARCH PERFORMED IN FY ‘89

During the past year significant progress was made in generating soft x-
ray gain in small scale devices. A critical factor in the application of x-ray
lasers to fields such as microscopy and microlithography is the scale and hence
cost of the soft x-ray lasers. The collisionally pumped soft x-ray laser in neon-
like ions, developed at Livermore!, requires a large scale laser facility such as
Novette or Nova to create a plasma of appropriate conditions. A 3mJ, 182A soft
x-ray laser based on a recombining plasma was developed at Princeton? with
an efficiency almost 2 orders of magnitude hig"ier than the collisionally pumped
case. However the pump laser required, a 3G \J COy laser, was still large. In
order to increase the output energy and efficienny of the 182A soft x-ray laser
we have been developing soft x-ray amplifiers. A gai * - 8cm-! has been
measured in a 3mm long carbon plasn transvei sely . amped by a 3nsec Nd
laser pulse of energy 25J, of which only 15J impinged on the target3. We have
also demonstrated amplification of 4.5 cm-! in a plasma pumped by only 6J4 .
In this report we present the initial gain measurements at 1824 in a carbon
plasma pumped by a 6J laser pulse. We will also present some n.easurements
showing a non-linear rise of intensity with length in an Al plasma pumped by a
6 or 12J laser pulse . We will discuss aspects of data interpretation and gain
measurement in such systems.

2. AMPLIFICATION AT 182A WITH A 6J PUMP LASER

In this section, we present gain measurements on the CVI 182A
transition in a carbon plasma produced with a 6J, 3 nsec Nd:glass laser pulse.
The experimental set-up was the same as presented in an earlier paper4.
Figure 1 shows the rotatable target system used . A 67-cm focal-length
spherical lens and 450 cm focal length cylindrical lens were operated in a
slightly defocussed arrangement to produce a ~200 um x 5 mm line-focus on a
length-varying cylindrical target. The target lengths used in this experiment
were 1, 2.5, and 4.5 mm ( limited by the diameter of the access ports in the
target chamber). A 0.8 x Z mm siot in a mask located 1.5 cm away from the
target in the axial direction, selected a limited spatial region which was viewed
by an axial soft x-ray spectrometer equipped with a multichannel detector. In




the experiments the slot was placed in such a way that it selected a spatial
region 0.0 - 0.8 mm from the target surface.

Figure 2 shows the intensity variation of the CV 1354, OVI 1734,
CVI 1824, and CV 186A lines with respect to the plasma length using a 6J,
3 nsec. laser pulse. No stainless steel blade or magnetic field was used. The
CVI 182A line ( 3-2 transition) increased non-linearly while the CVI 135A (4-2
transition) and some other lines increased linearly as expected from optically
thin spontaneous emission from a homogeneous plasma of length equal to the
length of the target. This was a clear indication of gain on the 182A line. The
difference in the length dependence of the 182A and 135A lines here is very
important ( the contribution of the 4th order of the CVI 33.744A line to 1354,
even for the 1lmm plasma, was negligible due to the large opacity of this line).
The data were fitted by a nonlinear regression model® which performed a least-
square fit of the data to the relation:

_ _(exp(Gl)-1)%2
o - (GL x exp (GL) )" -

This describes the output intensity of a Doppler-broadened,
homogeneous source of amplified spontaneous emission of gain-length product
GL. The fit yielded a value of the gain of 4.5 / cm on the CVI 182A line and of
0.5 / cm on the CVI 135 A line (see fig. 3). This result augers well for the
commercial availability in the near future of relatively inexpensive soft x-ray
lasers for a variety of novel applications.

3. EXPERIMENTS ON ALUMINIUM PLASMAS, ASPECTS GF DATA
INTERPRETATION

In the above experiment the plasma length was limited to 4.5mm by the
internal diameter of the ports available in the target cnamber inside the
magn:et. A new target che.iber was constructed in which plasmas of length of
lcm or more could be pruduced. This system also had much more flexibility for
positioning and angular adjustment of the target and detector (Fig. 4 ). In: this
section we present some results from this system showing an non-linear
increase of intensity with length of AIX and AIXI lines in an aluminum plasma.




The lithium sequence ions such as AIXI were first used in soft x-ray laser
development by Jaeglé and coworkers®, however the present work on
aluminium plasmas pumped with a low energy Nd laser was primarily
stimulated by the surprising results of Hara et.al.? indicating gain on almost all
AIX and AIX1 lines cbserved. It was a simple task to repeat the experiments of
Hara et. al. by changing the target material to aluminium.

A Nd glass laser, operated at 6J or 12J, was brought to a line focus by a
combination of 4 lenses. Two spherical lenses with a combined focal length of
60cm and two cylindrical lenses produced a sharp line focus 12mm long with a
width of 50um {FWHM) on a rotatable aluminium target with sectors of differing
lfength (2, 6, 10mm) . Axial emission was detected by a soft X-ray multichannel
spectrometer “SOXMOS” 8. SOXMOS was attached to a rotatable arm pivoted
under the target so that the angle it viewed could be varied by * 2° with
respect to the target. The target assembly was on a platform that could be
rotated +2° around a vertical axis so that by combining the two motions,
emission over a +4° axial range in the horizontal plane could be recorded. This
system was designed to allow the most precise alignment of the target with
respect to the spectrometer and also enable the detection of a stimulated soft
X-ray beam that had been deviated from the nominal axial direction by
refraction in the plasma. A slot with open area 3mm high and 0.35mm wide
was placed on axis 4 cm from the target to limit the view of the spectrometer.
The position of the slot could be adjusted to view regions of the plasma at
different distances from the target surface.

In the experiment a search for gain was performed by varying the
experimental parameters {(including the target length) and locking for
conditions in which the intensity of candidate lines increased with length at a
rate that was faster than linear. A faster-than-linear rise of intensity with
length is commonly regarded as conclusive evidence for stimulated emission.

Figure 5 shows axial spectra of AlIV, QVI, AlX, and AIXI lines at 2mm and
10mm target lengths. A dramatic increase of intensity of the A'X and AIXI lines
is seen with the 10mm target as compared to 2mm, while the AIIV and CVI
lines show a sub-linear increase. Figure 6 shows peak intensities taken at 2, 6,
and 10qaumn ianget lengiis and a curve {it to the data. The theoretical fit was
derived from a nonlinear regression model® as in the CVI case. In general the
transition linewidth will be a convolution of Stark and Doppler broadenin,, ".ut




for the present purposes we have used the gain equation based on the Doppler
broadening.

A higher laser energy was used in order to increase the ourput intensity.
Data taken at 12J is shown in Figs. 7 and 8. Here the increase with length is
even more dramatic, for instance the AlXI 141A (8s-4p) intensity increases from
2mm to 10mm by a factor of x50 and is an excellent fit to the gain equation for
a gain of G = 5.1/cm. The ALXI 1504 (3p-4d), 154A (3d-4f) and AIX 177A (3d-4f)
lines also show a length dependence which is a very close fit to the gain
equation at comparable values of gain. Similar results were obtained for the
AIXI 105.7A (3d-5f) and 103.8A (5d-3p) lines.

The emission from the plasma was recorded on a time-resolving streaked
spectrometer?, “ TGSS " placed on-axis, on the opposite side of the plasma to
the spectrometer: SOXMOS . A free standing gold transmission grating with a
3000A period and 250um entrance slit, dispersed the axial plasma emission
along the entrance slit of an x-ray streak camera. The entrance slit was 12mm
long, 1mm wide, and coated with a 200A thick aluminium photocathode. This
grating, streak camera arrangement resulted in a source-size-limited spectral
resolution for these experiments of approximately 3A. The spectral range of the
instrument extended from 110A to 190A.

The streaked image was amplified by an image intensifier and recorded
on calibrated TriX film placed in contact with the output of the image
intensifier. The sweep speed was 1.25nsec/mm resulting in a temporal
resolution of approximately 0.25nsec. Figure 9 shows detailed time histories of
the 154A and 162A emission taken with 12J of laser energy. The emission had
a total duration of 6nsec.

Data Analysis

There are some unexpected features to the data in Figs 5-8. First of all,
every AlX aund AIXI line observed, without exception, showed a non-linear
increase with length. in general the gain coefficient depends on the factors
shown in equation 2:

. ( N . )
= o o Gfk 1 g Ta (2).

5c

N
g Gk




Here G is the gain coefficient, and A the wavelength. g is the statistical
weight, Ay the radiative transition probability and N the population of the
upper level i and lower level k. The highest gain was expected on the 3-4
transition with the largest gA value (3d-4f at 154A), however the data shows
high gain on all the AIXI and AIX lines observed, similarly to reference 8.
Particularly surprising was the strong increase apparent on the AIXI 141A line.
which has a gA value much lower than the 150A and 154A transitions. The
time history observed with the streak camera showed no difference between the
time evolution at 1544 and the continuum background at 1624 (Figure 9).
Another unexpected feature is the large rise in the background continuum
emission, from 5-10 counts at 2mm to ~200 counts at 10mm. These features
raised concerns about the homogeneity of the plasma along its length .
Specifically, were the level populations in the region of the 2mm plasma viewed
by the spectrometer identical to the conditions in the 10 mm section? As
shown in ™¢ 4, the 2, 6 and 10mm sectic ns shared a common boundary on
the spectrometer end of the target wheel. To test if the plasma was
homogeneous a target was built with the 2mm sections on both ends of the
target and the 6mm section on the end of the target away from the
spectrometer. First the conditions were arranged so as to reproduce the
previcus 10mm spectra and then the emission from the two 2mm sections at
each end of the target was compared. It was immediately apparent that there
was a large difference in intensity between the 2mm section at the spectrometer
end and the 2mm section at the opposite end. Taking the average of the 2mm
results, the best fit to the data was now a linear increase in intensity with
length as shiown in Fig. 10. The reason for the non-uniformity lay in a small
angle between the target surface and the region viewed by the spectrometer
(Fig. 11), possibly caused by refraction. To verify this, the target was rotated
about a vertical axis to change the position of the plasma generated by the twe
2mm sections with respect to the region viewed by the spectrometer. With a 2°
rotation the AIXI 154A emission from the two ends became equal. In this
configuration however the length dependance of the emission was linear. In
conclusion; the non-linear increase in Figs 5-8 was caused by geometrical
effects and not by stimulated emission.

As noted hefore the measurement of an exponential iriensity increase
with length is commonly regarded as conclusive evidence for gain (see for
instance ref 7. However in view of the above results it is clear that while this,

6




may be an encouraging sign of gain it is by no means sufficient proof that gain
is present. As was done in some earlier works { for example references 2, 4, 7,
10), it is critical to monitor the emission from nearby spontaneous emission
lines in the same ion, preferably lines with the same lower level as the lasing
line, to be assured that one is viewing a homogeneous plasma and that the
comparison of plasmas of differing lengths is a valid. This is particularly
important for measurements of low gain-lengths, GL < 4, where the
enhancement of stimuvlated as compared to spontaneous emission is less that
an order of magnitude.




Figure Captions

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

The rotatable target system.

Spectra obtained with 6J laser energy from carbon plasmas of length:
(@) 1mm, (b) 2.5mm and (c) 4.5 mm .

Intensities of the CVI 182A and CVI 135A lines versus plasma length
and ( dashed line) a least squares fit to the gain equation (eqn. 1) with
a gain of 4.5 cm-1 for the 1824 line.

Improved experimental set-up for gain measurements showing the
range of angular adjustments availatle.

Aluminum spectra obtained at 6J laser energy with target lengths
2mm and 10mm.

Dependence of the AlXI 154A and ALX 177A axial line intensity on
length. The line represents a fit of the experimental points to the
theoretical gain equation ( eqn. 1 in the text).

Spectra obtained at 12J laser energy with target lengths 2mm and
10mm. Note the x10 scale change from the 2mm to 10mm graph.
Dependence of the AIXI 1414, 1504,154A and AIX 177A axial line
intensity on length. The line represents a theoretical fit of the
experimental points to the gain equation ( egn. 1 in the text).
Detailed time histories of (a) 1544 and (b) 162A emission taken with
12J of laser energy. The fluctuations are caused by film grain.

(a) data showing the 1544 intensity variation with length but in this
case including 2mm sections from both ends of the target. The 6mm
data was from a section at the opposite end of the target to the data in
Figs 5-8. (b) as above but with the target rotated by 2°.

[llustration of the effect of a small angle between the plasma and the
region viewed by the spectrometer. The comparison of plasmas of
differing lengths cannot be used for measurements of gain in this
case.
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The Target Chamber used to generate a gain of 4.5 cm-1 at 1824, Its
sizeis 3"x 3" x 6".

Schematic of the rotatable target sys‘em.

Spectra obtained with 6J laser energy from carbon plasmas of length:
(a) Imr, (b) 2.5mm and (c) 4.5 mm .

Intensities of the CVI 182A and CVI 1354 lines versus plasma length
and ( dashed line) a least squares fit to the gain equation (eqn. 1) with
a gain of 4.5 cm-1 for the 1824 line.

Improved experimental set-up for gain measurements showing the
range of angular adjustments available.

Aluminum spectra obtained at 6J laser energy with target lengths
2mm and 10mm.

Dependence of the AIXI 154A and AlX 1774 axial line intensity on
length. The line represents a fit of the experimental points to the
theoretical gain equation ( eqn. 1 in the text).

Spectra obtained at 12J laser energy with target lengths 2mm and
10mm. Note the x10 scale change from the 2mm to 10mm graph.
Dependence of the AIXI 141A, 150A,154A and AIX 177A axial iine
intensity on length. The line represents a theoretical fit of the
experimental points to the gain equation ( eqn. 1 in the text).
Detailed time histories of (a) 154A and (b) 162A emission taken with
12J of laser energy. The fluctuations are caused by film grain.

(a) data showing the 154A intensity variation with length but in this
case including 2mm sections from both ends of the target. The 6mm
data was from a section at the opposite end of the target to the data in
Figs 5-8. (b) as above but with the target rotated by 2°.

Mlustration of the effect of a small angle between the plasma and the
region viewed by the spectrometer. The comparison of plasmas of
differing lengihs cannot be used for measurements of gain in this
case.
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Gain measurements at 18.22 nm in C VI generated by a Nd:glass
laser

D. Kim, C. H. Skinner, G. Umesh, and S. Suckewer

Princeton Plasma Physics Laboraotory, Princeton University, Princeton. New fersev 08543

Received September 19, 1988: accepted April 11, 1989

We present recent gain measurements in C Vi at 18.22 nm for a soft-x-ray amplifier produced by a line-focused glass
laser (1053 um) on a solid carbon target. The maximum gain measured was 8 & 2 cm~! in the recombining plasma
column, with additional radiation cooling by iron impurities.

Recent research in soft-x-ray laser development is
progressing in the direction of obtaining shorter wave-
lengths. Significant advances are also being made in
the XUV region. Much attention is being devoted to
the first applications of these lasers. The possibility
of using soft-x-ray lasers for the microscopy of living
cells has stimulated research in the development of x-
ray lasers operating in the wavelength region of 2.33-
4.37 nm, the so-called water window.!* Impressive
advances in longer-wavelength XUV lasers, such as
the one recently demonstrated at 108.9 nm,3 have
significant potential applications in. chemistry. An
important point, however, that is rarely discussed is
the laser energy required for these applications. For
example, in order to record a high-resolution image of
a biological cell on a photoresist, substantial laser
beam energy is required. This is a significant concern
in our current soft-x-ray microscopy experiments,’
even for the maximum output energy of our current
18:22-nm laser.6

We have, therefore, applied a significant effort to
increase the energy of the 18.22-nm soft-x-ray laser.
One approach has been to develop additional amplifi-
ers. This technique can also be applied to the shorter-
wavelength region; where our current goals include the
generation of lasing-action near 10.0 nm, using ions in
the Li-like sequence,” and down to 1.0 nm, using a
powerful picosecond laser for selective excitation.8

In this Letter we present the first step in developing
such amplifiers by the generation of gain in C V1 at
18.22 nm using a Nd:glass laser beam brought to a line
focus on a solid carbon target in a strong magnetic field
(field lines parallel to the line focus). The role of the
magnetic field is considered to be less important here
than in our research in generating gain at 18.22 nm
using a COq laser that is point focused along the mag-
netic-field axis because of a-much higher initial elec-
tron density for the 1-um Nd:glass laser than-for the
10-um CO, laser. However, in the future we plan to
combine this amplifier with our COs-laser-pumped,
magnetically confined soft-x-ray laser; thus it is neces-
sary that the Nd:glass-laser-pumped amplifier also
work in a magnetic field and-have a similar transverse
dimension.

0146-9592/89/130665-03$2.00/0

In the experiments the maximum pumping laser
energy used was 40 J, which was limited by the area of
the beam input optics, and the pulse duration was 3
nsec. The 5.1-cm-diameter laser beam was line fo-
cused onto the cylindrical target by the combination of
a 67-cm focal-length spherical lens and a 450-cm focal-
length cylindrical lens (Fig. 1). The dimensions of the
line focus were ~100 um X & mm. The length of the
line focus was limited by the size of the magnet port.
One of the features of the target system-was the capa-
bility of rotating the target so-that for every shot a
fresh target surface is exposed by the laser. A similar
condition was created.in the experiments performed
by Jaeglé et al.® by translation-of a plane aluminum
target. The gain was measured-by changing the target
length and hence the plasma length, as shown in Fig. 1.

Another feature was a stainless-steel blade in front
of the target. The 0.25-mm-thick stainless-steel
blade was placed 0.8 mm from the targets .rface. The
function of the blade was to _provide -an additional
cooling source: fully stripped carbon ions in the laser-
produced plasma interact with the blade and cool rap-
idly through thermal conduction and line radiation.
The concept of conductive cooling by a metal plate was
first suggested by Bhagavatula and Yaakobi.!?

Experiments with a target without the stainless-
steel-blade showed significantly lower gain: with 32J

I Length=Varying
Cylindrical Target

Stamless-
Steel Blade

LS

Mask & Line-Fotused
Slot Laser

Xuv
Spectrometer

Fi%al. The rotatable-target system. B, An axial magnetic
field.
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Fig. 2. Experimental spectra obtained by a XUV spec-
trometer for plasma lengths of (a) 1 mm, (b) 2 mm, and (¢) 3
mm with 25 J of laser energy and a magnetic-field strength of
50 kG.

of laser energy a gain of 4.5.cm™! was measured with
the blade, compared with 0.4-0.8 cm~! without the
blade. A limited spatial region is selected by aslotina
mask 1.5 cm from the target in the axial direction and
viewed by a soft-x-ray spectrometer located 2.6 m
from the target in the axial direction. For the data
presented below the slot size was 0.8 mm-X 2 mm, and
the near edge of the slot was 0.5 mm from the target
surface. Hencethe region selected by the slot includ-
ed an area surrounding the blade.

Experiments in which the radial distance from the
edge of the slot to the target-was varied indicated that
C vI was abundant in the region 0-2 mm from the
target surface. The region selected by the slot for the
gain measurements (0.5-1.3-mm from the target sur-
face) was judged to have the most favorable conditions
for gain.

Figure 2 shows the experimental data recorded with
an axial-grazing-incidence soft-x-ray spectrometer.
The angle of incidence was 88°, and the intensities of
multiple orders were negligible. It was equipped with
a-1200-groove/mm grating at a blaze angle of 1° and a
multichannel detector. The intensity dependences of
the C vi 13.50-nm, C v1 18:22-nm, and C v 18.67 nm

lines with respect to plasma length are shown. The
data were obtained with 25 J of laser energy and the
stainless-steel blade and slot dimensions as described
above. The magnetic field was 50 kG. In the experi-
ments we found that the variation of laser intensity
over the line focus limited the length of the plasma.
over which gain could be achieved, to approximately 3
mm. Attempts to create a uniform plasma longer
than 3 mm showed that a C vI 13.50-nm intensity
increased less than linearly. This indicated that the
weaker laser intensity beyond the central 3-mm-long
region did not create the same plasma conditions as in
the central region. For the gain measurements plas-
ma lengths of 1,2, and 3 mm were used, and the plasma
uniformity is evidenced by the linear increase of the C
VI13.50-nm intensity with length. Emission by ironis
clearly seen in the spectra. The 18.22-nm line from C
Vliis blended with a line of similar wavelength from Fe
XI 18.22 nm. Without correction for contamination
due to Fe X118.22 nm, the estimated gainis 5 £ 2cm™!.,
The line intensity of Fe XI 18.22 nm is known to be
approximately the same as those of Fe XI 18.11 and
18.48 nm.!! Since the Fe X118.11-, 18.22-, and 18.48-
nm lines originate from the same 3p*3d upper level,
the use of line intensity ratios in Ref. 11 provides a
reasonable approximation in estimating the contribu-
tion of Fe X1 18.22 nm. The average of the line inten-
sities of Fe X118.11 and 18.48 nm is used in correcting
the line ‘intensity of C vi 18.22 nm. In Fig. 3 the
corrected line intensities of C vI 18.22 nm (integrated
over time and frequency) are plotted versus the plas-
malength., The data have been fitted by the relation!?
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Fig.3. Intensities of C v118.22 nm (filled circles) and 13.50
nm (open circles) versus plasma length with 25 J of laser
energy and a magnetic-field strength of 50 kG. A stainless-
steel blade was placed in front of the target for rapid cooling.
The dashed curve ig a theoretical gain curve of 8.1 cm=1; C vI
13.50 nm-incresses linearly.
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which describes the output intensity of a Doppler-
broadened, homogeneous source of amplified sponta-
neous emission of gain-length product G. The theo-
retical gain curve of g = 8.1 cm™! isshown in Fig. 3. It
can clearly be seen that the C VI 18.22-nm line in-
creases exponentiaily and that the C v1 13.50-nm line
increases linearly with the plasma-length. The 13.50-
nm line is expected to have much less gain than the
18.22-nm line owing to its lower transition rate and
shorter wavelength.

In conclusion, we have demonstrated a high gain of 8
+2c¢m~tat 18.22 nm in C V1 using the newly developed
carbon target system pumped with a 25-J, 3-nsec
Nd:glass laser. We plan to combine this amplifier
with the present soft-x-ray 18.22-nm laser in a CO»-
laser-produced, magnetically confined carbon plasma
in order to increase the beam energy. The output
energy is an important issue for the application of a
soft-x-ray laser to x-ray microscopy and may be a
significant obstacle in the utilization of systems with a
small aperture of the lasing medium,1?

We thank H. Furth and W. Tighe for helpful discus-
sions and D. Voorhees, G. Drozd, D. Dicicco, and B.
Micholvic for their technical support in making the
new system and providing length-varying cylindrical
targets. G.Umesh thanks the government of India for
supporting him with a postdoctoral fellowship. This
research was supported by the U.S. Department of
Energy, Advanced Energy Projects of Basic Energy
Sciences, and the U.S. Air Force Office of Scientific
Research,

G. Umesh is a visiting physicist from the Indian
Institute of Technology, New Delhi, India.

S. Suckewer is also with the Department of Mechan-
ical and Aerospace Engineering, Princeton University.

(1)

July 1, 1989 / Vol. 14. No. 13 / OPTICS LETTERS 667

References

1. D. Matthews, M. Rosen, S. Brown, N, Ceglio. D. Eder, A.
Hawryluk, C. Keane, R. London, B. MacGowan, S.
Maxon, D. Nilson, J. Scofield, and J. Trebes. J. Opt. Soc.
Am. B 4,575 (1987).

. M. Howells, C. Jacobsen, J. Kirz. R. Feder, K. McQuaid.
and S. Rothman, Science 238, 514 (1987).

3. H.C.Kapteyn, R. W. Lee, and R. W. Falcone, Phys. Rev.
Lett. 57, 2939 (1986).

4. M. H. Sher, J. J. Macklin, J. F. Young, and S. E. Harris,
Opt. Lett. 12, 891 (1987).

5. C. H. Skinner, D. Kim, A. Wouters, D. Voorhees, and S.
Suckewer, in X-Ray Microscopy 11, D. Sayre, M. How-
ells, J. Kirz, and H. Rarback, eds. (Springer-Verlag, Ber-
lin, 1988), p. 36.

6. S. Suckewer, C. H. Skinner, D. Kim, E. Valeo, D. Voor-
hees, and A. Wouters, Phys. Rev. Lett. 57, 1004 (1986).

7. D. Kim, C. H. Skinner, A. Wouters, E. Valeo, D. Voor-
hees, and S. Suckewer, J. Opt. Soc. Am. B 6, 115 (1989).

8. C. W. Clark, M. G. Littman, R. Miles, T. J. Mclirath. C.
H. Skinner, S. Suckewer, and E. Valeo, J. Opt. Soc. Am,
B 3, 371 (1986); S. Suckewer, C. H. Skinner, D. Kim. E.
Valeo, D. Voorhees, and A. Wouters, J. Phys. (Paris)
47C3, 23 (1986).

9. P.Jaeglé, G. Jamelot, A. Carillon, A. Klisnick. A. Sureau,
and H. Guennou, J. Opt. Soc. Am. B 4, 563 (1987), and
references therein.

10. V. A. Bhagavatula and B. Yaakobi, Opt. Commun. 24,
331 (1978).

11. R. L. Kelly and L. J. Palumbo, in Atomic and [onic
Emission Lines Below 2000 Angstroms; Hydrogen
through Krypton, NRL Rep. 7599 (Naval Research
Laboratories, Washington, D.C., 1973).

12. G. J. Linford, E. R. Peressini, W. R. Sooy, and M. L.
Spaeth, Appl. Opt. 13, 379 (1974).

13. C. Chenais-Popovics, R. Corbett, C. J. Hooker, M. H.
Key, G. P. Kiehn, L. S. Lewis, G. J. Pert, C. Regan, S. J.
-Rose, S. Sadaat, R. Smith, T. Tomie, and O. Willi, Phys.
Rev. Lett. 59, 2161 (1987).

(84




. . [ ]
B S olame 247, . 135301657 SCIENCE

Soft X-ray Lasers and Their Applications

S. SUCKEWER AND C. H. SKINNER

Copyright © 1990 by the American Association for the Advancement of Science




Soft X-ray Lasers and Their Applications

S. SUCKEWER AND C. H. SKINNER

Ti . nerging technology of soft x-ray lasers has novel
ap.. .tions to microscopy, lithography, and other fields.
Thi. u«ricle describes the status of soft x-ray laser research
wit .he aim of bringing the rapid developments in this
field to the attention of potential users in other disci-
plives. The different techniques for generating a popula-
tior irversion and producing a soft x-ray laser are re-
viewd. The status of current research in the field and the
near-term prospects are described. It-is expected that the
range of potential applications of soft x-ray lasers will
increase-as their performance improves. Work aimed at
increasing the output power and progressing to shorter
wavelengths with these devices is also reviewed.

sought after since-the invention of-the first lasers in -1960,

because of thewr intrinsic nterest and also because their
ultrahigh-bnghtness andshort wavclengths made them ideal=for a
varey of applications. However, the creation of a population
imersion 1 highly 1onized 1ons necessany for x-ray laser action
places severe demands on-the required pump-source, and for this
reason_soft a-ray lasers remarmed an elusive dream until 1984, The
first demonstration of lasing action in the soft x-ray region by
groups at Lawrence Livermore Natonal Laboratory and Princeton
Unnersin 1n 1984 has -been followed by work at a number-of
laboratories around the world. At present, rapid progress is being
made inthe extension of the operating wavelength range and-power
of these devices and in the-development of small-scale and relatively
low -cost soft a-ray lasers suitable for widespread apphication to fields
such as microscopy and microelectronics.

Recent work at a number of laboratories-has been aimed toward
the development of soft a-ray lasers 1n wavelength regions shorter
than 20-nm and of lasers 1 the vacuum-uleravioler (VUV)-region
near 100 nm and below. “Noteworthy are the-achievements of very
high gain-(much above saturation) in Cs near 90 nm with relatively
low pumping pow er as demonstrated by the-Stanford group (1), the
generation of very high-power density radiation (above 10" W
cm”*) for-application to soft x-ray lasers by the Chicago group (2),
and theoretical work on “tabletop” VUV lasers at 30 to 40 nm with
the use-of Ni-like or Nd-like 1ons by the-Massachusetts Instirute.of
Technology group (3. The experimental-and theoretical work at
Princeton (+8) includes: (i) the development of a powerful subpi-
cosecond laser system that uses a new approach in x-ray “laser
development to generate soft x-ray spectra, (11) a theoretical model

I ASEhs OPERATING AT X-RAY WAVELENGTHS HAVE BEEN

The authors are at the Pnncc(o:;{l;mycrsm' Plasma Physics Laboratory, Princeton, NJ
08543, S.-Suckewer is also affiliated with the Mechanicaland Acrospace Engineering
Department of Princeton Unversity.
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for atoms 1n very strong electromagnetic fields: and uun) improve:
ment of the present 18.2-nm laser and 1ts application to soft x-ray
microscopy. The existing soft a-ray laser at Princeton 1s pumped by a
commercial-300-] CO; laser and has a wavelength of 18.2-nm. un
output energy of 1 to 3 mJ, a pulse duration of 10 to 30 ns. and a
beam divergence of 5 mrad.

Soft X-ray Laser Research

Although soft x-ray laser research was pursued in the 1970s, the
field came of age in 1984 wich the first unambiguous demonstration
of hugh gain by groups at-Lawrence Livermore National Laboratony
(9) and Princeton University (10). These two groups used ditferent
approaches to generate gain (see Fig. 1), and these approachesthave
tormed the-basis of all successtul work on soft x-ray lasers since-that
time. (i) The recombination-approach is based on H-like or-Li-like
tons. (i) The collistonal excitation approach:ts-based on Ne-like or
Ni-like ions.

Both- schemes rely on- high-power pulsed lasers to create the
appropriate conditions 1 a plasma, and in both schemes che
population 1nverston necessary for stimulated emission and gain 1s
brought about by fust: radiauve decay of:the lower level. In the
recombination approach-for H-like ions, a:laser is used to createa
plasma with a high fraction of totally stripped-ions. After the-laser
pulse, the plasma is cooled rapidly and undergoes fast three-body
recombination. In some-cases the plasma-is cooled by adiabatic
expansion. One unique feature of the Princeton laser is-that the
plasma is confined in a magnetc field and cooled by radiation-losses
The magnetic field maintains a high electron density, which is
beneficial-because the three-body recombination rate scales as the
clectron_density squared. -t also helps to shape the plasma-into a
long thin geometry suitable for-a laser and enables an efficiency to be
attained that is almost 100 times higher than other operational-soft
x-ray laser systemss. Three-body recombination puts into- upper
excited levels a high population, which decays downward by
collistonal radiative cascade. In hydrogenic ions, level 2 decays
rapidly by radiation and a-population inversion is built up between
levels 3 and 2. The atomic structure of Li-like-ions is similar to that
of H-like-10ns, and the same approach works in this system also (11,
12). In this case the 3-2 transitions have a high radiative decay rate,
and gain can be generated'on the 4-3 and'5-3 transiticns The.Li-
like sequence has the advantage of a shorter wavelength lasing
transition for ions of similar ionization potential, that is, a-better
“quanturn-efficiency.”

The Ne-like scheme was-applied at Lawrence Livermore:National
Laboratory. Here a high-density, high-temperature plasma is gener-
ated by a'large Nd laser, Novette or Nova. In the Ne-like plasma, a
large population of ions is collisionally excited to the 3p level. The 3
level has a relatvely low-population since-it has a tast radiative
transition to ground, and-a population inversion is built up between
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Flg. 1. Partial energy tevel diagram
of the two successtul soft x-ray laser
schemes.
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the 3p and 3 levels, The same scheme also works in Ni-like 1ons, and
hiere, as in the case ot Li-like wns, there s an advantage in using the
Ni-lihe sequence to aceess the shortest possible waselengths, A
reeent review ot work arLivermore 1s given in 135, The ambitious
goal of the Livermore work 1s to develop a lugh-brightness, hugh-
oherence sott a-ras laser in the wavelength range 4.0 to 5.0 nm for
high-resolution holographuc imaging of bwlogical specimens. One
step e this direction was the recent achiesement of a gan-length
(GLrot =4 at 4.48 nm in Ni-hke Ta. In summary . both approaches
use & laser to wreate an appropriate plasma and rely on fast radiative
deear o deplete the lower level m orderto generate a population
merston, The major ditference ts that in one case the upper level 1s
populated through recombination and n the uther it 1s populated by
¢ollisional exatation,

A number ot laboratories around the world are heavily engaged
i sott a-ray laser reseatch, We would like to mennion the proneering
work-ot Pert and -Ramsden and their colleagues (14) at Hull in
England on the recombination scheme for C fibers ar 18.2 nm,
which was later taken up at the Rutherford Appleton Laboratory
131, This work 1s now part o an international etforc i ohving seven
ditferent insututions - in -England, France-(Orsay . Japan-(Institute
tor Laser Engineerings. and the -United States (Naval Research
Laboratory . The soft a-ray laser expernments of Jaeglé-er al. (1)
originated from the obser ation of a brighe line at 10.57 nm in an Al
plasma. This previously unknown line-was identified as-the 34-5f
line of:Li-like Al. Confirmation that this line was due to amplifica-
tion of*spontancous-cmission was obtained from measurements of
the plasma absorption:or gain over the-observed spectrum. A clear
peak was seen at 10.57 nim, corresponding to a gain of up to 2.5
em ™!, More recently, experiments with a 6-cm-long plasma have
resulted in o gain-length of GL = 3:0; Use of a soft x-ray mirror
with a-reflectiviey of 5%-:in a double-pass arrangement resuleed in an
effectne gain-length of GL = 4. Gain-lengths of up to GL = 2.7 on
the 3d—+4fand 34-3ftransttions in Li-like Al have also been reported
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by Moreno et al. (16).

The recombination approach has been used at the Laboratory for
Taser Energetics at Rochester University (17) to produce gain on
the CVI 18.2-nm -transition in-a radiation-cooled Se/Formvar
plasma. The collisional excitation scheme has also been demonstrat-
ed by a group at the Naval Research Laboratory (18) at wavelengths
trom 19.5 to 28.5-nm in Ne-like Ge and Cu. This experiment used
less demanding technology than the schetae at Livermore: 4 lower
power driver laser (350 to 485 J operating at the fundamental
wavelength of 1:05 pum) and simple slab targets rather than
exploding toils. Interestingly, the J=2—/=1 gain coefficient ( J is the
angular momentum quantum number) of G = 41 cm™! obsened
with single-sided lumtnation of a thick slab of Ge-was comparable
to that obtained by the Livermore group with an Se film rarget that
was illuminated from both sides. Also for the fiest time the Cu =0
to J=1 line showed a G comparable to chat for the J=2-]=1 lines,
n-agreement with-theorencal predicnions In Japan, Herman er of
({9) have demonstrated gain at various wavelengths including a
measurement of G of 2 em ™" in the 8.1-nm transition in H-like F
Kato er al. (20) have reported GL = 1 at 54 nmand GL =09 at
4.5 nm, but their experimental data have been criticized as being
ambiguous and uncomvincing. Very recently there has been a repore
by Hara et al. (21) of gain in the soft x-ray region produced by a
small-scale (6-]) pump laser. The presence of gain was deduced from
the nonlinear rise in intensity with length of AlX and AlXI
emission lines. However, in contrast to carlier work by Kim eral -3
6, 12). the nonlinear rise of the “gain lines” with plasma length was
not referenced to a linear rise of “no-gain lines™ in-Al XI such as the
14.1-nm transition, leaving open-the possible influence of other
effects {such as gradients in the plasma temperature along the plasma
region viewed by-the detector) -that-could also-produce a nonlinear
intensity nse. Clarification of this_point would be valuable as-this
resule, if verified, would add to carlier work (5, 6) with very
favorable implications tor the commercialization of soft x-ray lasers

A third potential method to achieve soft x-ray lasing is resonant
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Fig. 3. Carbon spectra obtained with a Teflon target (A) without pulse
compression [20-GW laser power; E-= 20 m] (200 shots), Ar = 1 psj and
(B) with pulsc compression and final-KrEF* amplifier {0.3-TW laser power,

-E = 100 mJ {5 shots), &1 = 300 fs]. {Adapted from (4} with permission-of
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photopumping in a two-component phsma . Resorant pho-
toexcitation has bccn recently demonstrated in thc soft x-ray range
by Monter et al (23 A H-like Al XIII resonance line was used to
pump a Ne-like Sr XXIX resonance line, resulting in an increase of a
factor of 2 1n fluorescence from the upper state-of the pumped
transition However, the pumping efficiency was less than expected.
Several difficulties need to be osercome if this method 1s o be
suceesstulh applied to generaung soft x-ray lasing.

The current state ut the art is represented in Fig. 2, which shows
GL versus waslength. High GL values have been achieved over a
varieny of' wavelengths, although in general there 1s a falloff in gain as
the wavelength approaches the “water window™ region, 2.4 to 4.4
nm, important for biologial applications. It is only when GL
exceeds 4 6 that the outpue intensiny exceeds spontancous emussion
by more than an oeder of magnitude and one can talk sbout a soft x-
ray laser beam. A pumber of groups are investigaung the physics
relevant w more efficient or shorter wavelengeh schemes, in particu-
lar Harns and hus colleagues (24 and Murname-er al. (25, who are
wourking un Auger onizanon, and Bover et al. (26), who are
working on muluphoton processes More details of the current
research directions are contamed in (27). For special journal issucs
devoted to soft x-rav lasers, see (28, 29).

Soft X-ray Laser Research at Princeton

Approach towand w L-nm x-ray laser, The main difficulty in approach-
ing-shorrer and shorter waselengths 1s the requirement for very large
ncreases i pumping power. -For example, for soft x-ray lasers
pumped primanily by- recombination or ¢lectron-éaataton process-
es.the pumping power P is proporuional approximately to A~ for
constant gain G. Ths tollows trom a simple relation berween gain,
wavelength A, and=population inversion AN, [sce.(30}].

G~ -;-\'im
where
ANiw ~ P

Theretore, in order-to decrease the lasing w avelength from 10.to-1
nm, the pumping power must be increased approximarely by a
factor of 10",

The recombination laser at Princeton presently.operating at 18.2
nm-requires a4 laser-pumping energy-of ~300 J. Without changing
pulselength, the energy for lasing at-1 nm would need to be on-the
order-of tens ot-megajoules. Because the size and cost of azlaser

mcrease dramaucallh with energy (but not with- power), such a-
system would be very-large and very expensive. Thus, a great deal of

atrention in soft a-rav-laser des clopment 15 being devoted to schemes
n-which metastable and autoromzing levels can-be used for storing
pumped energy ., as-proposed by-Harris (31), orzschemes based-on
ven short picosécond and subpicosecond) pumping pulses (32).
This second approach 15 parncularly attractive bccausc the- upper
state_lifetime 15 of -the order of 107%? to 107" ¢ for a transition
wavelength of =1 nm. Therefore, pumping 1s-required only. for-a
picosecond or subpicosecond ume-intenval. After this ime, energy
would just be wasted 1n heating the-target naterial.

“Lasers with beam energy of order of only 1-] and pulse duration
of 1 ps can provide very high_power, P ~16" W. Even more
unportant, sucha laser operating:n the UV range (for example,: the
KrE excimer laser with wavelength 0.25 pm) can'be focused to a 2
to 3-pn1 spot, providing a power density 1n excess of 108 W em™
(with=corresponding electric field ~10" V em™' = 10 kV nm")
on rarget, With- thus power density it ts possible to provide
multiphoton excitation and multiphoton tomzation of highly-ion-
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ized ions and use such processes for the creation of population
inversion and gain at wavelengths down to 1 am.

Tt s very difficult, however, to both create hughly 1onized 1ons and
provide selective multiphoton excitation of such wns with a single
laser. Therefore, we proposed in 1986 the use of tw o lasers (331, The
role of the first, high energy but low -power laser (for example, 0.3-
k], 50-ns CO; or 100-J. 3-ns NA'YLF laser, where YLF 15 vttnium
lanthanum fluoride) 15 to create a plasma column of highly 1onized
ions that may be confined 1n a strong magnetic field. The role ot the
second, extremely high power laser (~1-TW KrF lasers 15 to
generate gain by multuphoton iomzation, sery fast onization tor
example, inner shell jonization), or selectn e multiphoton excitation,
More detads about the Powertul Picosecond (Sub-Picosecond,
Laser (PP-Laser) system are presented by Mender et al. (4).

One of our first expeniments with sucha high-power density laser
beam was a measurement of soft A-ray spectra tor C and F, The laser
beam was focused on a rotating cy hindrical Teflon target while a soft
x-ray, grazing incidence Schwob-Fraenkel spectrometer , SOXMOS,
with multichannel detector monitored the plasma radiation from the
target surface. Figure 3B shows the spectrum in the vianiny of the
CVI 3.37-nm and CV 4.03-nmn lines (both from 2 — 1 transi-
tions). In-addition to the enormous line_broadening, one can see a
strongly pronounced, unusual structure-in the lines. Both broaden-
ing and satellite structure are farger in the spectrum obrtained at high
power than in the spectrum obrained atlower power (Fig. 3A), On
the red side of the lines, several satellite lines can be identified (2p2:=
1525 at 3.42 and 3.45 nm, 2,°~1:2p at 3,55 nm, and 1,2:2p-1°2; a
4.09 nm;. In addition. there 1s a component at 3.3 nm on the blue
side of the-C VI 3.37-nm line. It should-also be noticed that the
number of shots needed. for these short-waselength spectra s
proportional not to the-laser beam energy but cather to its power.
(The energy of the laser-beam increased by a factor of 3 while the
number of shots decreased by a factorzof 20.) In spectra obtained
earlier with the 20- to 30- GW DP-Laser (10" W em™), part of the
largc broadening and asymmetry of the F VII lines ir.the spectral
region from 12.0 o 14 0 nm was attributed to the Stark etfect and
radiation-from the forbidden comporients of the lines (34). Very
recently, Koshelev (35)-interpreted asymmetric broadening of the
F VII lines to be a result-of satellite line radiation. Spectral lines of
CVI,CV,and F VII excited by the very-tugh power beam seem to
indicate a- complicated satellite-type strucrure. Of course. the very
strong electric field created by such a-laser beam may be parually
responsible-for these effects. Spectroscopic measurements for daffer-
ent targets as well as experiments i which a highly iomized plasma s
initially-generated by CO; or Nd/YLF lasers and then excited by the
PP-Laser- should enable us to develop a clearer picture of the
behavior-of highly iomized-ions 1n strong laser fields.

Development of an addittonal amplifier at 18.2 nm. Presently, the
highest beam energy of-our soft x-ray laser (SXL) (36)-at 18.2 nm
(C VI 3=2 transition) ‘pumped by a- 300-] CO; laser-in a 90-kG
solenoidal-magnetic field is 3 mjJ ‘with a_3-min repetiuion rate. At
present,-the beam energy:is one of the_most important parameters
for applications of the SXL. In order to increase it, we have
developed an additional SXL amplifier (3 mm long) at’18.2 nm that
1s pumped by a Nd/YLF laser beam line-focused onto a C target.
Thin Fe blades in the front of the targets provide additional
radiation coolmg of the plasma column. We have demonstrated gamn
up to G =8 cm™' in one-SXL amplifier with 15 J of NA/YLF laser
beam energy on target.[see Kim er al. (5;:6)). The axial spectra in the
viciey of the lasing line C VI 18.2 nm-(3~2 transition)-and in the
vicinity of C VI 13.5 nm:(4~2-transition) were measured for 1-, 2-,
and 3-mm-long targets. A striking, nonlinear increase 1n the intensi-
ty of the 18.2-um line, 1n comparison- to near-lincar- ncrease in
intensity of;the 13.5-nm-line, may be-scen in Fig. 4.
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Carary dudopment. A laser cavigy can increase the brightness ot the
SXL beam by several orders of magnitude by decreasing the
disergence 1o a value dose to the diffraction limie, In order to
establish the proper aviy modes, a number-ot passes through the
gain medium are needed and a relatnely long-duratton gain s
newessary (GL o~ 4 tor several caviny cound-tnip umes;. In our early
work, using a newly developed nuultlayer mirror (371, we demon-
strated a 120% inerease 1n 18.2-nm radianion, due to amplification
of sumulated enussion, by using a murror with a reflecuviny of only
12% 138). However, the nurror alignment posed tremendous
difficulties, which pracucally made 1t impossible to deselop a cav iy
i the ongmal SXL serup. We have cherefore-designed an unstable
resonator-npe caviy with a transversely pumped C fiber as-the
lasing medium. The same caviny will also be-used for a 1-cm-long
SXL created by a line-focused Nd'YLF laser beam ncident on the
cyhindrical -C target described n the section on an additional
amplifier.

In the=caviny design, parucularly in choosing distances between
lasing medium and murrors, we were woncerned sath the possibilities
of damaging the multilayer mirrors by soft x-ray radiation. Recently,
however, Cegho ef al. (39)-demonstrated, in-a very celegant cavity
experment, that such murrors are quite stable aganst soft. x-ray
beam damage, even at a distance of a few centimeters from the lasing
medium.

Gaunt an La-like wons at 13.4und 12.9 wm. Pioneening work tor Li-like
Al XIions, particularly for the 5/~3d transition at 10.5 nm, was done
by Jaegle-and his group (11), using a Nd/glass laser (inital-plasma
clectron density N, = 10°' em ™) for the pumping lasing medium.
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In our system with a CO; pump laser the imual electron density 1s
Ne = 10" em ™2, For such an electron density, the largest gain in
ALXI and Si XII is expected for the 4/~34 transitions at 15.4 nmand
12.9 nm, respectively, The Al or Si targets used in the expenment
were very similar to the SXL C targer with the-exception that che
blades were a combination of lasing element (Al or i) and fast
radiator (Fe). The measured one-pass gain was- GL = 3 to 4 for
15.4-nm radiation and GL =1 to 2 for 12.9-nm radiation. Details
abour the experiment and theoretical modeling are presented in (3,
12).

Application of the Soft X-ray Laser to
Microscopy

Most of what 15 known about the internal structure of cells-has
been learned by the development and application of the techniques
of electron microscopy. This knowledge rests-on the prenuse-that
the intensine procedures necessary to prepare a specimen for elec-
tron mucroscopy do not significantly influence the structure, form,
and high-resolution dutail observed Nonetheless, unanswered ques-
tions remain about the fidelity of the image of a cell dhat has been
fixed, stained with heavy metals, and secuioned to the original living
cell. X-ray microscopy offers.a new way to look at unaltered cellsin
their natural state. The absorption edges in the -ray spectra of
naturally occurring cell constituents provide contrast withour the
addition of heavy metals to the cell necessary in electron nucroscopy
Work has begun in using high-brightness synchrotrons and soft -
ray lasers-as light sources for-a-ray microscopy-(40) Biologistshave
long dreamed of obser ing_the form and function of living cells at
high resolution. The short; nanosecond pulse length of soft x-ray
lasers offers the potential of observing a cell that was alive the instant
before a flash exposure of a-soft x-ray laser recorded its image The
necessary -radiation dose levels make it unlikely that the cell will
survive the exposure, but exposures of ditferent cells should make it
possible to picce together fiew information about dynamic processes
inside cells. ’

Work has begun at Princeton to use the 18.2-nm laser (SXL) for
soft x-ray contact microscopy of biological specimens (This work is
also closely related to x-ray:microlithography ) The ultimate goal of
our x-ray laser microscopy program is to obrain images of living
cells. The-details of this work as well as our other work with soft-x-
ray iaser microscopy are-déscribed in (7, 41, 42).

In the x-ray laser microscope, a thin (~0.1-pm) silicon-nitride
window square separates the vacuum tube, in which x-rays travel,
from the -biological cells located on photoresist at atmospheric
pressure. We have demonstrated that the SXL beam has sufficient
energy to-expose images on:-photoresist in-a single shot. In-x-ray
contact microscopy, magnification is obtained when the exposed
photoresist is viewed in-a scanning electron microscope (SEM).
Images of-diatom fragments (the silicified: skeleton of plankronic
algae) on phiotoresist indicated that the resolution on the photoresist
was berter-than 0.1 pm. Ofic may also regard diatom fragments-as a-
kind of lithographic mask- and an illustration of the potential
application of the SXL to microlithography.

We have buile a Composite Optical’X-ray Laser Microscope
(COXRALM), shown schematically in Fig. 5 and described in (7,
42). COXRALM is designed to allow a biologist to select and
observe live biological cells, using an optical’phase-contrast micro-
scope (43), and then create-a high-resolution image of the cells on
photoresist with the SXL beam. The first results were obtained with
dehydrated cells to optimize image contrast-and resolution without
the technicalitics of handling wet, live cells. Figure 6 shows a SEM
image of-areplica produced by the 18.2-nm SXL of dehydrated
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Fig. 6. Falsc-color SEM image of a replica of a HeLa cell that was subject to
a viral infection. The replica was generated by contact mucroscopy with the
18.2.nm laser, The computer-generated false color enhances the contrast of
the cell teatures. Scale bar, 10 pm.

HeLa cells (Helen Lane cervical cancer cells) obtained from the
Biology Department of Princeton University. Presently our. work is
concentrated on experiments with live cells 1n a wer environment
and on the development of a new Imaging Soft X-ray Laser
Microscope (IXRALM).

Future Prospects .

Rapid progress insoft a-ray laser development has been made.
Especially exciting is progress in the miniaturizatior of-soft x-ray
lasersand the start of work on their applications. The general impact
soft x-ray lasers will-have in science and technology will depend on
improvements 1n both their performance and their cost. It is
necessary for their successtul commercalization that-these devices
operate routinely at high gain-lengths (GL > 4), with the use of a
low-cost-driver laser, and this needs more-system development and
engineering, Most applications of visible-wavelength- lasers are
based on the fact that-the-brightness of these lasers 1s several orders
of magnitude greater than that of conventional spontaneous emis-
sion sources, and this is achieved principally by the laser cavity
mtrrors. This technology is significantly. more difficult in-the x-ray
regron-because of intrinsic imitations of x-ray absorption-in materi-
als and present hmits-1n-the soft x-raylaser pulse lengths. Nonethe-
less, a:- “revolution” (44) in X-ray optics is under way and the
precedent of visible-wavelength lasers illustrates the potenitial bene-
fits awaiing the creative inventor of applications of this technology
1o novel ficlds.
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Soft-x-ray amplification in lithiumlike Al x1(154 A)
and Si x11 (129 A)
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Recent experiments on soft-x-ray amplification in lithiumlike ions in a CO, laser vroduced recombining plasma
confined in a magnetic field are presented. The maximum gain-length (GL) products observed are GL. = 3~ for
the 154-A 4/-3d transition in Al XI and GL = [-2 for-the 129.4 4f-3d transition in 3i Xll. A cne-dimensional
hvdrodynamic code with a collisional-radiative atomic model was used to model the plasma, and the theoretical
predictions of gain agree well with the observations. Descriptions of both “ydrodynamic and atomic physics codes

are given,

1. INTRODUCTION

Since the demonstration of high-amplification of soft x rays
in laser-produced plasmas,' - different approaches to im-
prove x-ray laser characteristics to shorter wavelengths,
higher power. better coherence, narrower divergence, and
better efficiency are being pursued at several iaboratories. 1!
In terms of improving the power, coherence, and divergence.
we have developed an experimental system-with which a
series of experiments on soft-x-ray laser cavities will be per-
formed. Anx-ray laser operating wavelength between the K

-edge of carbon at 44 A and thatof-oxygen at 25 A would be

optimal in terms of-penetration, contrast, and resolution for
microscopy of biological specimens.

At Princeton -University we-are using two approaches to
make a shorter-wavelength, soft-x-ray laser. One approach
1s=to produce a-population invérsion in Kr--or-Ar-like ions

-through selective excitation by-multiphoton transitions!'? or

inner-shell ionizations. The inner-shell ionization scheme
was proposed initially by Duguay and Rentzepis,'* modified
later by McGuire,'* and recently demonstrated experimen-
tally at 1089 A.5% In our approach the plasma of the desired-
1onization stage-will be produced by a CO, or.Nd:glass laser-
and then, through muitiphoton-transitions or inner-shell
ionizations, will*be-excited by-a-powerful picosecond laser.
The instrumentation for this approach has been developed,
and-a series of experiments is planned for the-near future.

Thesubject of this paper is an'approach based on a recom-
bination scheme using magnetically confined (£100-kG) Li-
like ions produced by an ~500-J, 50-70-nsec CO. laser.
This scheme has been successfully used to make a soft-x-ray
laser in H-like C-viI with the following characteristics: 182-
A wavelength, amplification by-a factor of 500, 1-3-mJ pulse
energy, 10-30-nsec pulse duration, and 5-mrad beam diver-
gence.

An extensive series of experiments for developing a soft-x-
ray laser using-Li-like ions has been performed by Jaegié et
al> In these experiments a Nd laser produces-a freely ex-

-panding plasma, generating a population inversion between

5f.and 3d levels in Li-like Al X1, and a gain-length product of-
2-2.5 between those levels has been reported. More recent:
ly, Jaeglé and his group, in experiments in collaboration with
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the Rutherford-Appleton Laboratory also-measured gain
for the 4f--3d transition in Li-like Al X1, using a C fiber
coated with a thin layer of AL'™ At Princeton University,
early investigations of Li-like spectra have also shown evi-
dence of population inversions between the-3d and 4f levels
inOviand Ne viiL,'% ' with an estimated gain of 1.8 cm™~"for
the case of O V1.

In the recombination scheme a powerful laser is focused
onto a solid:target, creating a large population: of ions in an
lonization stage above the one in which a:population inver-
sion between excited levelsis desired, i.e.,-He-like ions for a
population-inversion in- Li-like ions. Then, rapid cooling
after the-laser pulse by radiation (impurities are added-to
increase the radiative cooling) and the maintenance of a high
electron density of n. ~-5-X 10! cm~' by the magnetic field
make favorable conditions-for a population inversion-be-
tween twe low-lving excited levels such as-4f and 3d levels in
Li-like ions. At a relatively low electron-temperature and
high electron density, three-body recombination followed by
cascading processes dominates collisional ionization and ex-
citation processes, populating the upper-level (4f) while the
lower level(3d) decays rapidly by its strong radiative transi-
tion. In this way a population inversion-bétween two excit-
ed levels is created.

An important feature in-Li-like ions is-the fast radiative
transition of the 3d level to 2p due to the larg. overlap of the
radial wave:functions of those levels, so that the 3d level is
rapidly depopulated during the recombination phase, per-
mitting a population inversion to build up. Another:merit
of Li-like ions is a lower ionization potential than H-like 1ons
with a comparable lasing-wavelength. -For.example, Si:xi1
has an ionization potential of 523 eV for a 4f-3d transition at
129 A, compared with H-like N vi1, whiclrhas an ionization
potential of 667 eV for a 3-2 transition at'134 A. However,
for a given plasma electron density, such as may be limited to
approximately 1 X 10 cm~", which 1s the critical density-for
the CO; laser, the ion density of Si X1 is lower than that of
N vil. The trade-off between these and other factors:is a
subject of theoretical and experimental-investigations.

In Section 2 we discuss the main features of the-one-
dimensional Lagrangian hydrodynamic code and the atomic
in Eq. (3) is the energy equilibration time between electrons

© 1989 Optical Society of America
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physics code applied to the modeling of time development of
the gain in the recormbining Li-like plasma. In Section 3 the

experimental setup and tesults are presented and compared |

with theoretical calculaticns.

2. THEORETICAL MODEL

A. Hydrodynamic Model
In this section we discuss the basic features of the one-
dimensional hydrodynamic model,!* which was developed to
provide insight into the behavior of the magnetically con.
fined. laser-produced C plasma used in the 182-A soft-x-ray
laser. One of the first hydrodynamic computer codes was
developed at the Naval Research Laboraiory and was used
to study the laser-produced plasmas.'® A more detailed
description of this model will be published elsewhere. The
hydrodynamic code with atomic data on the-experimental
species (in our case Al or Si) and the atomic physics code
idiscussed below) for Li-like 1ons permutted us to simulate
experiments with Li-like ions.

The basic equations to be solved for a cvlindrical plasma
are presented here. The continuity equation-is g ven by

n {4 _ a( on,)
o +7-—(rnz.) o+—(—9— Dr . (1

where n, is the-population of ‘the ground state of the ith
ionization stage, t is the mean-fluid velocity, and §, is given
by

6 ==nnR -nnS +nn F. +nn_S.,

where S is the_collisional ionization rate from the grour.d
state of the ith ionization stage** and R, represents the col..-
sional dielectronic recombination coefficient of Sum-
mers,2!2? Summers has calculated this coefficient, taking

into account recombinations to-and ionizations fr:m excited-

and ground states. Recombination to and-ionization from
neutrals are neglected because-we are interested in a high
ionization stage, e.g., AI""*, The second term-on the right-
hand side of Eq. (1) takes into account the ion-ion diffusion

process. The transport of He-like Al XiI from-the central

laser-heated region to the off-axis cold region where they

recombine into-Li-like ions-is-crucial to the-generation of-

high gain. Figure 1 shows the variation of:the maximum
gain for the 4f-3d transition_in Li-like Al XI-and the radial
position where the maximum gain occurs with different val-
ues of the diffusion coefficient. This was generated with the
laser input energy kept constant. D = 5 X-10' cm-/sec was
chosen throughout the calculations because it-produces the
highest gain at-the proper position observed-experimental-
ly.? This value-is several orders of magnitude higher than
the classical diffusion coefficient at T, ~ 100V and n, = 1

X 1018 em=3. To understand-this discrepancy requires an.
investigation- of- diffusion processes in the- laser-produced-
dense plasma, which is beyond-the scope-of the present

paper.
The equation:of motion is
dv . 9 _BaB
Mn (at-i-v ) 2 kT4 nTa Q== 22, @

where M is the ion mass, n is the total ion density, n = &, n,k
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Fig. L. The maximum gain and its position-versus the ditfusion
coefficient with laser input energy and amount of impurity tFes kept
constant. filled circles, the maximuin gain of the 4f-3d transition in
Li-like Al A1, crosses, the radial position where the maximum gain
occurs. Lines are drawn beween points as a visual aid.

is the Boltzmann constant, T and T, are the electron and ion
temperature, respectively, and B is ‘the magnetic field
strength, -@ denotes the-artifical viscosity term to-handle
the shock-wave due to the strong expansion?*:

AMn(a—L-'>‘ it <o

ar ar

@ 0 s
or

where A-is a constant and 1s chosen in such a way that no
numerical instabilities take place because of the propagation
of a shock wave.

Laser radiation is absorbed by electrons. and electrons
exchange their energy with ions a4 tha classical equipartition
rate. Itisassumed that the shock wave heats ... only:and
that the electrons behave adiabatically. Then, the electron
temperature is given by

aT, aT, 2 14 21714 aT,
..._+ el 2 2 o kr—2)
a  Cor 3 T ror (ro) & 3n,ror (A"r or >
2¢ T,~ € 9
$2U_ S 2R 2 @
¢ eq -

where «, is the electron thermal conductivity divided by-the
Boltzmann constant k, terms on the right-hand side repre-
sent work- done on expansion, thermal-conduction losses.
and ohmic heating due to the induced current, energy trans-
fer to ions, and laser energy input, respectively, and the:last
term is energy losses by atomic processes:

Pa}om = Prad + Pionizaxion - Precom!;mauon + Pimpu;it,\'

Here Pi,q-denotes the total energy loss-by resonant radia-
tions following collisional excitations, Piaization is the-total
energy lossby ionization:processes, Precombination i8 the-total
energy recovery by recombination processes, and Pimpynty is
the total énergy loss by an-impurity (Fe in our calculation).
The ohmic heating term is defined by the plasma resistivity
n a8 ¢; = [¢2n/(4x)2)(9B/or)?, where c is the speed of light; 7.,
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and ions, and-¢;, is the power-per unit volume absorbed: by
electrons from the lasar. Impurities are assumed to be dis-
tributed uniformly. Data for the electron cooling rate of Fe
in-a dense, transient plasma-are not available. As a first
approximation. we have used-the radiation cooling rates of
Post et al.* for a steady-state coronal plasma. At high
electron densities, the radiation cooling coefficient per elec-
tron per ion is reduced because of the decrease of energy loss
through An =0 transitions as a result of the increase of
collisional deexcitation rates.?5 Figure 2 shows the reduc-
tion factor of the radiation cooling coefficient per electron
perion, 1 + 1,81,/ A1m, versus the electron temperature for
An = 0 transitions in Fe at-given electron densities. Sp,!t
and A, are collisional deexcitation and radiative transition
rates, weight averaged over ‘the possible allowed An =-0
transitions. Expressions by Post et al.* in an average-ion
model were used for Si!! and-dm. At the condition when T,
= 5eV and n, = 4 X 10% cm™, the radiation cooling rate of
Post et al. would be reduced by approximately 1 order of
magnitude. More-complete calculation of the cooling rate
by Fe in the high electron densities above the coronal limit is
planned by using an average-ion model. ‘Results with the
present code. however, are-in reasonable agreement with
experimental data, as is discussed in Section 3.
The ion temperature is governed by

aT, aT, :
—+r—= ;E(T, +Q>f-’17§-(rv)

at o 3
aT, T,-T
+.?'.l;1__"’;(x‘,_> =1 P
3nr

Teq

The first termonthe right-hand side includes the heating by
the shock wave. , is the ion-thermal conductivity divided
by the Boltzmann constant k. Expressions-by Braginskii®
are used for x..and «,.
Finally, the equation for the magnetic field is given by
0B, 3B _ B34 19(c 9B
at+ o rar(w)+r6r(7rnr6r) ()

A Lagrangian scheme has-been adopted-to solve Egs. (1)-
(3). The difference equations are written in such a way that

‘Egs. (1), (8), (4), and () are treated implicitly, and Eq. (2) is

treated explicitly. The spatial grid structure has 30 grid
points, and the final grid point was taken to be at 5 mm, with

-the grid size-increasing exponentially from-a minimum size

of 20 um at the center. In this way we can preserve as much
detail as possible near the central region, which we are inter-
ested in, and use the computer CPU time more efficiently.

The plasmaouter radius Ry (5 mm in calculation) is much
larger than the central region (which is typically within a L.5-
ram radius). The boundaryconditions are

T‘,‘—’ 7‘0, B"Bo, v"’vo, as r-’Ro,
and-at the origin-

aTu dB B ov ,
. 0, o 0; r 0 asr—0.

Vol. 8, No. 1/January 1583/, Opt. Soc. Am. B 117

10
'.'\.:-
fa =4 x 1018 ¢n3
< N
< :
=5 57
%))
]
= -—
T~
. g =2 G2 gm3
—-_ @G ——m ——§ — O —
0 1 i ¥

i
0 10 20 30 40 =0

TeleV)

Fig.2. Thevariation of the reduction factor, 1 + n, Sin{//Aim, of the
radlatlve cooling rate per ion per electron with respect:to the elec-

tron temperature at given electron densities. [nlow electron densi-

ties (filled circles) the factor approaches unity, but in high electron
densities (crosses) and low electron temperature, An =.0 collisional
deexcitation rates dominate An = 0 radiative transition rates, re-

sulting-in the reduction in the coollng rate. This calculation was
donefor Fe by using-the average-ion- model used by:Post et al.®}
Lines are drawn as a visual aid.

The initial electron temperature profile is set to-be Gauss-
ian with Temax = 20.eV and Temin-= 3 eV, Then, profiles of
totalion density, magnetic field, steady-state ionization bal-
ance, and electron density are determined by using the local
pressure balance. During the time development from the
plasma described above, the hydrodynamic code calculates,
at each-time step,.various hydrodynamic parameters from-
which-electron temperature, electron density, and ground-
state_population of-Li- and He-like ions are input to a post-
processor atomic physics code in order to calculate popula-
tions of excited levels and generate line intensities and gains
of various transitions in Li-like AlX1.

B. Excited States in the Lithiumlike Ion

The level structure considered and relevant transitions in
the atomic physics code are shown-in Fig. 3. Seventy-seven
levels up to the principal quantum number equal to 12 were
included. A population inversion between the 4f and 3d
levels-is expected for the plasma-conditions when the elec-
tron temperature and density are T, ~ 10 eV-and n, = 5 X
108 ¢m=3, In this region levels above n = 5 (n is the princi-
pal quantum number) are in local thermal -equilibrium
(LTE)-with the ground state of He-like ions;?* and their
populations are calculated from the Saha-Boltzmann equa-
tion. "Populations of-excited levelsfromn = 2ton = 5 are
calculated by using the following collisional-radiative model.

We solve the following coupled-rate equation:
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where n,; denotes the population of an excited level { in the
lonization stage g, n,.1 is the population of the ground state
of the ionization stage ¢ + L. Sy»! and S1.,! are the collisional
excitation and deexcitation rate between levels ! and m,
respectively, a, and 3, are the radiative and three-body
recombination rates, respectively. k¢ is the highest leve!
considered (see Fig. 3), A, is the spontaneous emission rate
between levels [ and m, and S,; is the collisional ionization
rate from level /.

As discussed by Bates et al..** relaxation of the excited
levels is much more rapid than that of the ground level at the
densities currently considered. Thus the left-hand:side of
Eq..16) can be set to zero, and the calculation of populations
of excited levels for=given populations of ground states of
adjacent ionization stages becomes an-inversion of a-matrix
whose elements are-composed of various rates between the
levels:

n,=-E. c (7)
-12s — - e &

°

.
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where
n.S+ A,
k;.. =1 m>|
C;m = _[n‘. \ Slk“ + T(n..s“" + A"f) + n,.s',l m-={
kmixl by m<1!

nl‘s,,,,'

E =nn (e, +n8,) +n,n,S,/
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+ N S M A0,
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and 2 < [, m < npmy, where npmay is the last level in the
collisional-radiative model (see Fig. 3).

The atomic data on various atomic processes used in the
solution of the coupled rate equation for populations of
excited levels come from a variety of sources. Energy levels
and radiative transition rates were taken from the work of
Lingard and Nielson.”® For collisional excitation 2s-nf (n =
4, 5, 6), the literature of Petrini was used." and for 2p-ns.
2p-np, and 2p-nd (n 2 2), rates of-Bely and Petrini_were
used.’ The remaining electron collisional excitation-rates
were estimated from:the interpolation formulas by-Mewe.
An-expression for collisional ionization rates from-excited
states by Post et al** was adopted, and the three-body
recombination to excited levels and-the collisional deexcita-
tion.rates were estimated by the principle of detailed bal-
ance. Only ionization from an excited level to the-ground

K

p max
[ X -12n =120
LTE With
) He=like lons

/ Nmax level

=59
Populations of those'lgvels
are calculated in collisional
radiative model.

Fig. 3. Grotrian diagram of Li-like-Al. Populations of-levels between.n-= 6 and n = 12-are calculated through local thermodynamic

equilibrium with He-like ions.
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Fig. 4. Experimental setup.

state in the next higher ionization stage was considered.
The radiative recombination rates of Burgess for H-like ions
was used.  Dielectronic recombination processes-were not
included in our calculation because these processes are ex-
pected to be negligible compared with three-body-recombi-
nation prucesses under the conditions that we are interested
in.

The plasma is assumed to be optically thin. The 3d-2p
transition is the most absorbable because its gA value (g is
the-statistical weight and A is the spontaneous-emission
rate) is large, and the populations of 2p levels is much great-
er-than those of the excited levels, However, even for the
3d-2p transition of Li-like lons in the transverse spectra, the
plasma in our experiment is observed:to be optically-thin in
the transverse direction (as discussed in Section 3).

With populations of excited states calculated as described
above, gains at the:line center for4/-3d, 4d-3p, and 4p-3s
transitions and line-intensities of various transitions shown
in_Fig. 8 are calculated. The gain.per unit length-G for a
transition between-levels [ and m is given by

1 Nt (N: Np,

2 —— —_— e it -1
G(n\,m) Brc AN glAIm - )(cm ), (8)

& 8m

where A\, is the wavelength of the-{-m transition and AX is
the linewidth. For the condition of-maximum gain present-
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Fig.5. An Aldisk target geometry with a 0.8 mm X 2 mm vertical
slot and an Al-stainless steel composite blade attached perpendicu-
larto the zget surface.

ed below, Stark broadening due to the electron impact was
smaller than the Doppler broadening by a factor of 2.
Therefore for simplicity we have assumed that the Doppler
broadening is dominant and T, = T, for T, < 50 eV through-
out the gain calculation.

After the calculation of gains-and line intensities as a
function of space and time, the axial and transverse spectra
for comparisons with experimental data were generated by
integrating the intensity of each:line over the spatial region
viewed by the-axial and transverse spectrometers, respec-
tively, and then over time. The amplification by stimulated
emission, (eL ~ 1)/GL. in the axial spectrum was taken into
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Fig-6. (a) Calculated radial profiles of electron density, electron
temperature, and gain for the 4/-3d transition (154 A) at the time of
maximum gain in'Li-like Al X1. (b) The time history of the gain for
the 4f-3d transition in Li-like Al Xrat a radial positionz1.2 mm off
axis.
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account. L isthe plasma length, which was taken to be 1 cm,
as observed in an earlier experiment.™

3. EXPERIMENTAL RESULTS AND THEIR
COMPARISON WITH CALCULATION

The experimental setup is shown in Fig. 4. A CO, laser
(~300 J) is focused onto an Al or Si target and creates a
highly iwnized plasma column confined in a strong axial
magnetic field. The m ..imum laser power density on the
target is 2 X 10" W,em?. A composite blade made from a
sandwich of Al and stainless steel (or Si and Ti for Si targets)
1s attached perpendicularly to the target surface {see Fig. 5).
The plasma s viewed in both axial and-transverse directions
by multichannel soft-x-ray spectrometers,'* which produce
time-integrated spectra. The target design is based onthe C
target, which was used to generate lasing action at C Vi 182
A Previous research with C targets showed improved axial
uniformity when blades were incorporated into the target.
Measurement of the chordal brightness of Si X11 129-A line
in the transverse direction with the present target (shown in
Fig. 5) suggested good radial symmetry. Also the blade
provides a way to introduce impurities_{stainless steel or Ti
in our experiment) for additional cooling.

Theoretical radial profiles of the electron temperature,
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the electron density, and the gain at the time when the gain
reaches its maximum in Li-like Al X1 are shown in Fig. 6(a).
The input laser pulse used in the calculation has a Gaussian
shape with-the FWHM of 30 nsec and a falling time of 60
nsec. (The real laser pulse has a FWHM of 50-60 nsecand a
falling time of 70-80 nsec.) Fe was included as an impurity
to provide additional cooling. The center of the plasma is
-heated directly by the laser, and a shock wave is generated
that transports ions away-from the central hot region. pro-
ducing favorable conditions for the gain at 1-1.5 mm off axis.
Figure 6(b) shows the theoretical time history of the gain for
the 4f-3d transitions at a radial position 1.2 mm off axis.
The gain peaks at 87 nsec from the beginning of the laser
pulse and has a duration-of approximately 20 nsec in this
particular run. The double-pulse structure is explained as
follows. During the laser pulse, He-like ions created in the
central hot region diffuse into the region that is 1.2 mm away
from the center and still cold. Here they recombine into Li-
like ions and produce the first population inversion. As the
laser continues to heat plasma, this off-axis region is heated,
and gain disappears. High gain, however, occurs again at
approximately 90 nsec from the beginning of the CO; laser
pulse, as the temperature and density conditions are more
appropriate.

Figure 7 shows experimental transverse spectra along with
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Fig.7. (a), (c) Plasma emissions recorded by the transverse spectrometer in the spectral ranges of 30-60 and 1:40-17()}\. respectively. (b), (d)
Calculated transverse emiseion spectra in-the spectral ranges 30-60 and 140-170 A, respectiyely. :I‘he linewidths-in the theoretical spectra
do not have any physical meaning. B = 70 kG were used in both experiment and computer simulation.
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Fig 8. Axal spectra in the spectral region of-140-170 A. (a) and (c), recorded bv the axial spectrometer for the gain and the nongain region,
respectively, (bj and (dJ, calculated time-integrated axial spectra over the gain region and the nongain region. respectively. B = 70 kG were

used in both experiment and computer simulation.

theoretically calculated transverse spectra for comparison.
In the spectral region of 140-170 A, line ratios between‘141.6,
150.3, and 154.7 A in the experimental spectra [Fig. 7(c)] are
in good agreement with those predicted theoretically- [Fig.
7(d)]. Note-that in Fig. 7(c) the line intensity ratio of the
third order of the 52.3- and 52.45-A lines; which make up the
3d-2p transition doublet, is 2:1. When we consider that the
ratio of gA values of this doublet is 2:1 and that this transi-
tion is the most absorbable, this observation indicates that
‘the plasma is optically thin in the transverse direction for
the transitions shown in-Fig. 3. This=is important-as it
_permits the Al-XI 52.4-A-line to depopulate the 3d level
efficiently and-to generate a population-inversion. Also, in
-the wavelength region of 30-60 A (Figs.-7(a) and 7(b)), rea-
sonable agreement between-experimental and theoretical
spectra is observed except-for the 39.2-A line, 4/-2p transi-
tion. This discrepancy may be due to a change of sensitivity
of the detector in the short-wavelength region.

The axial emigsion is imaged by a grazing-incidence-mir-
ror onto the entrance slit of a multichannel soft-x-ray.spec-
tremeter, as shown in Fig.-4; The mirror is constructed by
“bending a glass strip; thus the optical quality of the system is
not ideal. However, a transverse scan of the axial spectrom-

eter allows us-to view different ~200-zm-wide plasma-re-
gions. By changing the transverse position of the axial spec-
trometer, the geometry of the present experimental setup
(the small acceptance angle, 1.6 mrad, by the grazing-inci-
dence mirror) allows us to adjust the spectrometer to view
the region with-high gain (we refer to this region as the-gain
region) or the region with little or no gain (we refer to this
region as the nongain region). On the spectrum recorded
from the gain-region, we expect to see the amplification of
the potential lasing line by stimulated emission. This effect
was clearly shown in the work on H-like C VI, where exten-
sive observations of absolute intensity and measurements of
absolute divergence were the primary evidence for lasing.®
-Figures 8(a)-and 8(c) show the spectra_recorded by the
axial spectrometer at the two different transverse positions
of the spectrometer. At one position the intensity of the Al X1
154 A is significantly increased, whereas intensities of other
transitions remain almost constant. The-ratio of the line
intensity of the Al X1 154-A (4-3d) to that of the Al X1141-A
(4p-3s) line is three times higher in the gain-region spec-
trum [Fig. 8(a)]-than in the-nongain-region spectrum [Fig.
8(c)). Gain-region and nongain-region-spectra including
the effect of stimulated emission were generated theoretical-
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Iy by changing the spatial region over which the intensity of
each line was integrated. The computer code models a 1-
cm-long. cylindrically symmetric plasma and predicts an
annulus gain region that is approximately 100 um wide (see
Fig. 61 In the experiment the axial spectrometer views a
rectangular-plasma region ~200 um wide. For the calculat-
ed gain region spectrum, a 200 um X 2 mm region of the
cumputer-generated plasma was chosen to include the high-
gain region, and the intensity of each line was .integrated
spatially over that region and then over time. For the non-
gain-region spectrum, the intngration region did not include
the gain region. As observed in the experimental spectra,
the ratio of the 154- to 141-A line intensity is approximately
three times larger in the calculated gain-region-spectrum
[Fig. 8tb)] than in the calculated nongain-region spectrum
[Fig. 8td)] for the model plasma, which has a gain-length
product GL = 3.7. The difference of a factor of 1.7 in the
ratio of the line intensity of 154 to 141 A between experimen-
tal and theoretical spectra could be due to the variation of

Kim ¢t al.

spectrometer detector sensitivity with wavelength, which
has, of course, no effect on present results for refatis e values
of line intensities for the gain and the nongain region.
Comparison of the axial spectrum in the spectral region of
30-60 A between experiment and calculation is shown in Fig.
9. The experimental spectra, Flgs 9(a) and %b). corre-
spond to the nongain-region and-the gain-region spectra.
respectively. Theoretical spectra were produced by inte-
grating each line over the nongain region [Fig. 91¢)] and the
gain region {Fig. 9(d)}. as in Fig. 8. Estimation from Eq. 18/
shows that at conditions of T, =~ 5.0 eV and n. =~ 3 x 10"
em=" the optical depth of the 52.3-A resonance line is ap-
proximately 300 um, which is quite small compared with the
axial length of the plasma, 1 cm. Because of the strong self-
absorption of the 52.3-A resonance line in the axial directiun.
comparisons involving the 52.3-A line are of limited value
because the present code does not account for opacity.
There is, however, one interesting observation that the rati
of intensities of the 48.3-A line (3p-2s transition) tu 34.4-A
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re:pecmely te and (d), calculated time-integrated axial spectra over the nongain region and the gain region, respectively. -B'=

used in both experiment and computer simulation.
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line 135-2p transition) changes from 6.5 in the nongain re-
gion [Fig. 9(c}] to 2.5 in the-gain_region [Fig. 9(d)]). This
trend can also be seen in experimental spectra [Figs. 9a) and
9tbi]. The ratio of the 48.3-A line to the 54.4-A line in Fig.

9ta) is 6.0. and that in Fig. 9(b) is 4.2. This indicates that

the-population of the 3p level-relative to that of the 3s level
in the gain region is lower than it is in the nongain region.
We_ believe that the reason is:that the temperature of the
gain region is ~b eV, as seen-in Fig. 6(a), and at such tem-
peratures the deexcitation-process between 3p and 3s be-
comes.dominant over the excitation process, resulting in-a
decrease in the 3p level population. Another observation 1s
that, in general, line intensities in Figs. 9(b) and 9(d) (the
gainregion) are about one third of theose in Figs. 9(a) and 9{¢}
{the nongain region). The main reason for this is-that our
experimental and calculated spectra are time integrated and
include emission from both the ionization and recombina-
tion phases; emissions during-the-ionization phase in the
nongain region make significant-contributions to the non-

gain-region time-integrated spectra because in this region-

the electron temperature becomes high (~150 eV) enough to
haven = 3 levels much populated through collisional excita-

tion processes, whereas the gain region never reaches a high
electron temperature and: dominant contributions to the
gain-region spectra come during the recombination:phase.
A convenient way of showing the amplification-of the 4f-
3d transition is to-measure the line intensity of this transi-
tion relative to that of the 4p-3s transition. This-compari-
son, being based on lines in the same ion from upper levels
with the same principal quantum number, is independent of
uncertainties in the-exact spatial distribution-of-different
kinds of ions viewed-by the spectrometer. The experimen-
tally observed change in the ratio of the 154- to-141-A line
intensities with respect to the transverse position of the axial
spectrometer is shown in Fig. 10(a) along with computation-
al results. The use of the-Al X1150.3-A line-as a reference
was avoided for two reasons. The intensity-of-the Al XI
150.3-A line is unfortunately blended by the O°vIz150.1-A
line. The relative intensities of O v1 lines change with plas-
ma conditions, as-shown in Figs. 8(a) and 8(c), and it is
difficult to deconvolute the intensity of the Al'XI.150.3-A
line. Another reason is the possibility that population in-
version between 4d and 3p levels and, therefore,-amplifica-
tion of the Al X1 150.3-A line may occur. The computations




124 J.Opt. Soc. Am. B/Vol. 6, No. 1/January 1989

were performed for two plasma conditions with peak gain-
length products GL = 3.7 and GL = 1.6, respectively. These
two conditions were obtained by changing the amount of
impurity—Fe in our case—while maintaining a constant
laser input energy. The additional cooling due to an effec-
tive Fe concentration of 7% at n, =~ 4 X 10¥ em™? was
modeled by using the coronal data’* with the Fe concentra-
tion set of 0.7% (see Subsection 2.A). This resulted in a peak
gain-length product of GL = 3.7. With an effective Fe
concentration of 5% (i.e., 0.5% used in the code) the gain-
length product was GL = 1.6. Experimentally, impurities
are provided by the interaction of plasma with the composite
blade of Al and stainless steel. It can be seen that there is
good agreement between the shape of the curves for GL = 3.7
and the experimental data.

Similar experimental have been performed with Si XilI.
In this case the 4f-3d gain transition is at 129 A and the
neighboring 4d-3p and 4p-3s transitions are at 126 A and
119 A, respectively. The target configuration was similar to
Fig. 5 but with a Si disc and a Si-Ti composite blade. Be-
cause the Si XiI ionization potential (523 eV) is higher than
that of Al X1 (442 ¢V) and the gain wavelength is shorter, it is
expected to be more difficult to generate gain in Si Xi1 than
in AIXI. Preliminary results are shown in Fig. 10(b), where
the relative intensity of the 129-A line compared with the
126- and 119-A lines is shown. The peak in the-intensity
ratios is a clear indication of gain-length product, GL. of
order 1-2, and we expect that with further optimization of
experimental conditions higher values of gain will be ob-
tained.

. SUMMARY AND FUTURE PLAN

We have demonstrated the amplification of 154-A radiation
in Al X1 and 129-A radiation in Si X11 for transitions between
the 4f and 3d levels in a CO» laser-produced recombining
plasma confined in a strong axial magnetic field. The maxi-
mum gain-length products observed are GL ~ 34 for 154 A
in Al X1 and GL ~1-2 for 129 A in Si X11.

A one-dimensional hydrodynamic code with a postproces-
sor atomic physics code was used to simulate the-experi-
ment. It was shown that the theoretical spectra are in good
agreement with. expenmental data, even though there are
several assumptions in the simulation that simplifies the
real situation: a cylindrically symmetric plasma, uniform
distribution of impurities, and approximation to the energy
losy rate of the impurity in a transient, high-electron-density
plasma by scaling steady-state coronal cooling data.

In terms of increasing the power level of the present soft-
x-ray laser, a large increase in brightness is potentially possi-
ble if a cavity formed by two soft-x-ray mirrors is applied toa
high-gain medium. Soft-x-ray mirrors with reflectivities in
excess of 40% at 182 A recently became available, and a
cavity formed by-two such mirrors combined with a gain
-medium with a gain-iength product of GL > 3 shiould oscil-
late, provided that the gain duration is sufficient for several
round trips of light between the mirrors (=10 nsec). A 120%
increase in stimulated emission was observed in early experi-
-ments by using-one mirror of 12% reflectivity in a double-
pess configuration,?% but mirror -alignment posed severe
difficulties. A new experimental setup to overcome these
problems has been constructed, and cavity experiments are
planned for the near future.
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